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ABSTRACT
Feed is one o f the largest expenses in tilapia culture and crude protein is the most 
expensive macronutrient. Plant proteins have been widely used in tilapia diets and 
crystalline amino acid supplementation is the next logical step to increase the nutritional 
value of plant-based diets and decrease their price. The goal o f this study was to 
determine the effect o f coated and uncoated crystalline methionine on growth, body 
composition, methionine uptake, and methionine metabolism of Nile tilapia Oreochromis 
niloticus fed methionine supplements.
Two experiments were designed for this purpose: one to study the effect of 
supplementation on methionine metabolism, weight gain and body composition, and a 
second to determine the effect o f coating on absorption efficiency and utilization of 
crystalline methionine. Five isonitrogenous (26% CP), isocaloric (2420 kcal g of protein), 
purified diets were created by supplementing a methionine (Met) deficient basal diet 
(MD) at 50% o f the dietary requirement. All five diets contained methionine from intact 
protein and four diets also were supplemented with crystalline methionine at a level of 
0.29% (as fed). One diet (CM) was supplemented with crystalline methionine. Another 
(KCM) contained 0.29% kappa-carrageenan microbound methionine. A third (TM) 
contained 0.29% microencapsulated tripalmitin methionine, and the final diet (CAP) 
contained 0.29% cellulose-acetate-phthalate microcoated methionine. In the second 
experiment, diets CM, KCM, and TM were used to determine the effect of coating on 
Met absorption efficiency and utilization by feeding labeled methionine. Each diet 
contained 7.4 Bq (200 pCi) of L-35S-methionine.
xi
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No significant differences in weight gain, feed conversion ratio, protein efficiency 
ratio and feed consumption were detected among fish fed the five experimental diets. 
Fillet protein o f  CAP-fed fish was significantly lower than that o f  fish fed the other four 
diets. Tissue lipid content was similar among fish fed MD, CM, or KCM. The moisture 
content o f  fish fed MD was significantly higher than that o f  fish fed the other four diets. 
Plasma free-methionine concentrations were significantly higher at 6 h, after feeding, in 
CAP-fed fish than in fish fed the other diets.
Uptake o f  35S was significantly higher among fish fed CM and CAP than among 
fish fed TM. Results suggest that uptake of crystalline methionine was unaffected by 
coating with CAP, while TM coatings significantly reduced absorption o f crystalline 
methionine relative to uncoated Met.
Better knowledge o f  the digestive physiology o f  Nile tilapia and more effective 
coatings might be used to increase the efficiency o f utilization o f  crystalline methionine 
in prepared tilapia diets.
xii
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INTRODUCTION
Methionine and lysine are usually the most limiting amino acids in fish diets. 
Mechanisms o f absorption and metabolism of methionine, lysine, and other essential 
amino acids have been studied extensively because o f the importance o f these amino 
acids to fish growth. Crystalline amino acids play a fundamental role in the feed 
formulation industry due to the increasing trend toward replacing animal protein with 
plant protein to reduce costs.
Methionine, like other amino acids, is absorbed in the anterior region of the gut and 
several amino acid transport mechanisms are involved (Sire and Vernier 1992). Several 
experiments using epithelial brush-border membranes as a model have confirmed that the 
absorption o f amino acids occurs in two steps: 1) a mechanism that uses Na-dependent, 
secondary active transport, and 2) facilitated diffusion across the basolateral cell 
membrane through a concentration gradient from cytoplasm to blood (Storelli et al.
1989).
Methionine plays an important role with choline, cyanocobalamin, and folic acid in 
one-carbon metabolism. Methionine, through the formation o f  S-adenosyl-methionine 
(S-Adomet), serves as a methyl donor for essentially all known biological methylation 
reactions (Stipanuk 1986). Decarboxylated S-Adomet is used in the synthesis of 
polyamine, spermidine, and spermine, and possibly for the synthesis o f methylthio 
groups. The importance o f  these compounds is not well understood, but evidence 
suggests that they are essential for normal growth (Stipanuk 1986).
The methyl group provided by methionine is also involved in the regulation o f gene 
expression. A deficiency o f  methionine in the diet o f rats increased hepatocyte DNA
1
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2synthesis and reduced methylation o f  DNA, tRNA, and activity o f  several growth-related 
genes and their mRNAs (Rogers 1995). In the rat, it has been shown that methionine 
deficiency early in life causes hemorrhagic necrosis o f the kidney. Chronic methionine 
deficiency causes degeneration and fibrosis o f the heart and blood vessels in the rat, and 
depression o f the lymphohematopoietic system, leading to anemia and abnormalities 
associated with immune response. Deficiency of methyl donors in the diet increases the 
risk o f abnormal cell growth, hepatocellular carcinoma, fatty liver, and cirrhosis (Rogers 
1995).
Cysteine and cystine are dietary non-essential, sulfur amino acids, similar to 
methionine, that can be provided in the diet to spare methionine that would otherwise be 
utilized in cysteine synthesis in the cell. The ability o f cystine to replace a portion o f the 
methionine utilized in cysteine synthesis is directly related to the amount o f cystathionine 
synthase available in the trans-sulfuration pathway. The activity o f cystathione synthase 
is regulated in part by adenosyl-methionine, a high-energy sulfonium compound formed 
in the first step o f the methionine metabolism pathway. When the methionine content of 
a diet is less than 40% o f the total sulfur amino acid requirement, the activity o f hepatic 
cystathionine synthase decreases due to reduced activation o f the enzyme by the 
adenosyl-methionine compound. As a result, the amount o f homocysteine that is 
converted to cystathionine through the trans-sulfuration pathway decreases (Stipanuk 
1986; Moon and Gatlin 1991), and the amount of homocysteine in the body increases. 
Because of its toxicity, high levels o f homocysteine reduce the conversion o f this 
compound to methionine by remethylation.
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3When crystalline sulfur amino acids (methionine/cystine/cysteine) are supplemented 
in excess in the diet o f the rat, hepatocytes increase production and activity o f several 
enzymes involved in sulfur amino acid metabolism (e.g., cysteine dioxygenase and 
cysteinesulfmate decarboxylase). As a metabolic response, there is an increase in the 
excretion o f  taurine in urine. When a high protein diet is provided, cysteine catabolic 
enzymes produce more pyruvate and CO2 . Cysteine dioxygenase (the enzyme that 
converts cysteine to cysteinesulfmate by oxidation) seems to respond strongly to excess 
sulfur amino acid intake, while cysteinesulfmate decarboxylase (the enzyme that 
catalyzed the reaction o f cysteinesulfmate to hypotaurine) seems to respond more 
strongly to excess protein intake. Differing activity o f these two enzymes leads to 
formation o f taurine instead of sulfate and pyruvate, or vice versa. The relationship of 
these enzymes should be further explored because the regulatory mechanisms they affect 
are potentially important in acid-base balance, giuconeogenesis, and energy balance 
(Bagley and Stipanuk 1995). Taurine, sulfate, and other ions also are known to play an 
important role in osmoregulation in molluscs and crustaceans (van Gelder and Barbeau 
1985; Welbom and Manahan 1995).
Different levels o f dietary methionine supplementation have different effects on the 
metabolism o f this amino acid. Deficiency and toxicity symptoms caused by a lack, or 
excess, o f  methionine in the diet and effects on growth and survival o f tilapia have not 
been documented.
This study was conducted to determine the effects o f a low protein diet 
supplemented with coated and uncoated crystalline methionine on: (1) growth and body 
composi tion o f Nile tilapia Oreochormis niloticus, (2) post-prandial changes in free
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
amino acids, due to methionine supplementation, (3) methionine metabolism through 
effects o f methionine supplementation on S, Fe, Zn and Cu in tissues, triglycerides and 
phospholipids in liver, and methionine content o f the blood, and (4) the metabolic fate o f 
coated and uncoated crystalline 35S-Iabeled crystalline methionine.
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LITERATURE REVIEW
Extensive research has been conducted on the effects of dietary crystalline amino 
acid (i.e., methionine, cystine, cysteine, and taurine) supplementation on metabolism of 
swine, chickens, rats, and fish. NRC publications (1981, 1983) reported the estimated 
methionine requirement for several fish species: 4%  o f  dietary protein for chinook 
salmon (Onchorhynchus tshawytshca), 4.5% for the Japanese eel (Anguilla japonica) and, 
2.3% for channel catfish (Ictalurus punctatus). Borlongan and Colorse (1993) found the 
methionine requirement for j'uvenile milkfish Chanos chanos to be 2.5% o f dietary 
protein. Lovell (1991) reported the methionine requirement for tilapia to be 3.5% of 
dietary protein. Kim et al. (1992) reported a requirement in rainbow trout 
(Onchorhynchus mykiss) o f 0.8% of dietary protein and detected no difference in weight 
gain when D- or L-methionine was fed. Moon and Gatlin (1991) determined that the 
methionine requirement for juvenile red drum Sciaenops ocellatus was 3.03% of dietary 
protein and cystine spared 40% of the methionine requirement.
Mixed results were reported when lysine and methionine were supplemented in low 
protein diets for carp and tilapia. In carp, weight gain was reduced and body fat 
increased by crystalline amino acid supplementation. In tilapia, amino acid 
supplementation produced no improvement in growth performance, and lysine 
supplementation tended to reduce protein retention (Viola et al. 1994). When methionine 
(1%) was supplemented in the diet of rainbow trout Onchorhynchus mykiss, an 
accumulation of methionine, cystathionine, and taurine was detected in muscle tissue 
(Yokohama and Nakazoe 1992). When crystalline amino acids (lysine, methionine, 
histidine, and leucine) were supplemented individually in soybean-protein based diets for
5
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Atlantic salmon fry and rainbow trout fingerlings, growth rates were poor, but collective 
supplementation increased growth (Rumsey and Ketola 1975). Methionine 
supplementation o f  commercial soybean meal has been reported to improve growth rate 
o f rainbow trout (Fordiani and Ketola 1980). Lovell (1991) concluded that fish do not 
utilize crystalline amino acids efficiently due to differences in absorption rates among 
crystalline amino acids and those derived from ingested protein.
Crystalline methionine supplementation of a low-soybean-protein diet for rats 
caused threonine deficiency, an increase in triacylglycerol/phopholipid ratio, and fatty 
liver (Lecrec 1991; Ponzio de Acevedo etal. 1994). Taurine supplementation with 
different cysteine/methionine ratios has two effects in rats: levels o f taurine-bile acids 
increased in bile o f  rats fed a casein diet and fatty liver occurred in rats fed a 
cysteine/methionine ratio > 1 (Sarwar et al. 1991). Pathirana (1992) observed that 
taurine and serine supplementation were necessary in cases o f severe inflammation to 
increase the amount o f glutathione and taurine in blood and tissue, which enhanced 
antioxidant defenses.
Taurine is involved in osmoregulation, control of glutamate (which acts as a 
neurotransmitter) synthesis, and regulation of glutathione content o f platelets involved in 
the detoxification system. Urinary taurine levels are considered to be an indicator o f 
nutritional sufficiency in rats (Hosokawa 1988). Taurine solubilizes cholesterol and 
promotes cholesterol absorption, and in the crab Cancer pagurus, is an emulsifier in 
gastric juice (Van den Oord et al. 1965). In molluscs and insects, taurine also regulates 
tissue osmolarity (Welbom and Manahan 1995).
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MATERIALS AND METHODS
Two experiments were performed to determine the effect o f  crystalline methionine 
supplementation on growth and body composition o f the Nile tilapia Oreochromis 
niloticus. The first experiment involved feeding Nile tilapia five experimental diets for 
16 weeks. A t the end o f the feeding trial, postprandial amino acid levels, including 
methionine levels o f fish fed the five experimental diets, were measured. The second 
experiment was conducted to determine if  differences in absorption rates o f coated and 
uncoated [35S]-methionine existed among three experimental diets.
Experimental Animals
Experiments were performed with Nile tilapia obtained from Tiltech Aquafarms, 
Robert, Louisiana. In the first experiment, Nile tilapia fry (initial weight 5 g), were 
acclimated in 10 ,40-L tanks for a period o f 4 months during which time they were fed a 
50% protein, commercial trout-starter diet (Zeigler Bros., Inc., Gardners, PA), four times 
per day. A t the end o f the acclimation period, four fish with a mean weight o f 25.96 ± 
2.49 g were placed in each o f 42 tanks in three recirculating systems. In the second 
experiment, adult Nile tilapia (variety White Pearl; average weight 185.12 g) were 
acclimated in  one, 800-L tank for a period o f  2 weeks. During the acclimation period, 
they were fed a 32% protein, commercial catfish diet (Farmland Industries, Inc., Kansas 
City, MO). A t the end of the 2 week period, the fish were transported to the School of 
Veterinary Medicine and placed, individually, in 3.8-L acrylic aquaria for radioisotope 
studies.
Culture System  
Experiment 1
Each o f  the three recirculating systems used in the first experiment consisted of 24,
7
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round, sloping-bottom tanks (40-L capacity) connected to a 200-L biofilter. Due to the 
aggressive behavior characteristics of Nile tilapia (and other cichlids), each tank was 
divided in four sections with a plastic-mesh screen (33-mm opening) attached to a rigid 
structure o f PVC. Each tank was covered with a plastic-mesh screen and a sheet-PVC 
top to reduce disturbance o f fish and to prevent the fish from jumping into other 
compartments o f the same tank, or onto the floor. A bubble-washed, bead biofilter (0.08 
m3 of polyethylene beads) (Armant Aquaculture, Vacherie, LA) was used to provide 
biofiltration to each of the three systems. In each system, water was recirculated with a 
Vi HP centrifugal pump. Flow rate to each tank was approximately 1.5 L/min. A 40-W 
UV light (Rainbow Plastics, El Monte, CA) was installed between the biofilter and tanks 
to disinfect the water circulating in the system. Air was provided to each tank by 
airstones connected to an electric blower. Photoperiod was maintained at 10 h light: 14 h 
dark with overhead fluorescent lightning.
Experiment 2
In the second experiment, a closed system consisting o f  four, flat-bottom, 
transparent acrylic aquaria (Aquatic Habitats, Apopka, FL) connected to a 5-L aquarium 
was used. Each acrylic aquarium was covered with a transparent, 2-mm plastic acrylic 
lid to reduce evaporative losses. Under each aquarium, a plastic tray was placed to 
prevent possible spillage o f water containing radioactive 35S from contacting the floor.
An isolation chamber (splashguard) was created with black plastic sheeting to completely 
surround the closed system to avoid spillage. Two 6-W Micro Jet Pumps (Aquarium 
Systems, Mentor, Ohio) provided water flow in the system. The flow rate to each 
aquarium was approximately 1.0 L/min. Air was provided to each tank by airstones
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connected to an electric blower. Temperature was maintained at 28°C throughout the 
experiment.
Water quality
Water quality in the feeding trial was monitored twice per week. Water 
temperature, dissolved oxygen (DO), and pH were measured with electronic meters 
(Model 840 meter, Model 410A, Orion Research Inc., Boston, MA). Total alkalinity, 
total ammonia-nitrogen (TAN), and nitrite-nitrogen (NO2-N) were measured using a 
water quality test kit (Model FF-1, Hach Chemical Co., Loveland, CO). Water quality 
parameters were within acceptable limits throughout the experiment: temperature 31.2 ± 
2 °C, DO 7.0 ± 0.5 g/L, total alkalinity as CaC0 3  150 ± 30 mg/L, TAN 0.3 ± 0.2 mg/L, 
NO2-N 0.05 ± 0.01 mg/L, and pH 7.9 ± 0.8.
Diet Form ulation 
Experiment 1
Purified diets (Table 1) were formulated (Mixit-2, Agricultural Software 
Consultants, Kingsville, TX) to be isonitrogenous (26% crude protein) and isocaloric 
(2420 kcal/g) with a digestible energy (DE) to protein ratio o f approximately 9.3 kcal DE 
/g o f protein, based on the published composition o f the ingredients (NRC, 1993). The 
basal (MD) diet, was formulated to provide all amino acids in the form of intact protein 
and was methionine deficient (Table 2). The CM diet was prepared by adding 5.8 g of 
crystalline methionine to the basal diet (MD). The KCM diet contained 5.8 g o f kappa- 
carrageenan microbound methionine as described by Lopez-Alvarado et al. (1994). The 
microbound diet was prepared by adding 23 mL of a 10% (w/v) solution, containing
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Table 1. Basal composition o f the experimental diets (as fed).
Ingredients_________________________ (%)___________________(%)
MD1 CM, KCM, TM, CAP2
Whey3 42.927 42.927
Soybean Prot. Cone.4 24.777 24.777
Com Starch 20.000 20.000
Carboxymethylcellulose3 2.000 2.000
Menhaden Fish Oil5 2.000 2.000
Mineral mix6 1.250 1.250
Vitamin mix 7’8 0.270 0.270
L-methionine 0.000 0.290
L-tryptophan 0.005 0.005
Cellulose 6.771 6.481
MD represents the basal diet
2 Methionine in CM, KCM, TM, and CAP diet represents the test diet where the 
amino acid was added in crystalline form, microcoated with kappa-carrageenan, 
microencapsulated with tripalmitin or microcoated with cellulose-acetate-phthalate.
3 Sigma Chemical, St. Louis, MO
4 United States Biochemical Corp., Cleveland, OH
5 Zapata Protein Inc., Reedville, VA
6 Contains (mg/kg): Ca2P 04, 2183.61; MgS04, 382.55, NaCl, 180.02; KCl, 150.02; 
ZnS04«7H20  16.50, FeS04*7H20 , 75.01; Mn2S04, 7.61; KI, 0.89; CuC12*2H20 , 2.36; 
CoC12#6H20 , 1.43, cellulose, 27.76 g.
7 Prepared in menhaden fish oil (with 15 g o f ethoxyquin added to make 100 mL); 
contains (as mg/kg): Retinol acetate 2.84;cholecalciferol (1.0 IU = 0.025 p.g), 0.1; alpha 
tocopherol (1360 IU/g) 40; menadione 20.
8 Contains (mg/kg): thiamin, 20; riboflavin, 30; pyridoxine HC1, 20; panthothenic acid, 
100; folic acid, 10; vitamin B i2, 1.6; choline chloride, 1000; inositol, 470; ascorbic acid, 
400, cellulose 38.208 g.
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Table 2. Amino acid profile o f the basal diet and dietary amino acid requirements 
_______ of tilapia, expressed as percent o f  dietary protein1.___________________
Amino acid Profile Requirement
Arginine 7.40 4.20
Histidine 2.52 1.72
Isoleucine 5.52 3.11
Leucine 7.76 3.39
Lysine 6.72 5.12
Methionine2 1.27 2.68
Cysteine 1.32 0.53
Methionine + Cysteine 2.59 3.21
Phenylalanine 4.60 3.75
Tyrosine 3.28
Threonine 4.52 3.75
Tryptophan 1.12 1.00
Valine
1 ^ _____  ^  ^  ,  T"
5.16 2.80
1 From Santiago, C.B. and Lovell, R.T. (1988)
2 Determined by analysis, Woodson-Tenent Laboratories, Des Moines, IA
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methionine dissolved in 23 mL o f 1 M NaOH, to 107 g o f a 3% (w/v) solution o f kappa- 
carrageenan (Sigma Chemical Co., St. Louis, MO) and mixing thoroughly. The amino 
acid/carrageenan mixture was gelled by the addition o f 2 mL o f 2.5 M KC1, freeze-dried 
for 24 h, ground with a pestle and mortar, and then sieved through a 125-p.m mesh 
screen. The TM diet was prepared by adding 5.8 g o f L-methionine in the form of lipid- 
walled, tripalmitin microcapsules, as described by Villamar and Langdon (1993). The 
tripalmitin-walled microcapsules were prepared by heating 23.2 g o f  tripalmitin (Sigma 
Chemical Co., St. Louis, MO), plus 0.464 g of span 85 (Sigma Chemical Co., St. Louis, 
MO) at 80°C. Once the lipid mixture was melted, 5.8 g o f L-methionine were added and 
homogenized for 10 s. The amino acid/lipid mixture was then added to 232 mL of 2% 
(w/v), cold-water soluble, polyvinyl alcohol (Sigma Chemical, St. Louis, MO). The 
mixture was rapidly emulsified with a homogenizer for 10 s and then quickly poured into 
500 mL of chilled water (5°C) in a beaker. To obtain a uniform microcapsule, a magnetic 
stirrer was used in the beaker, at high speed, while pouring the amino acid/lipid mixture. 
The lipid-walled capsules were collected by filtration (Whatman 934 AH), removed with 
a spatula, added to the amino-acid-deficient diet and stored at 5°C in a sealed container. 
The CAP diet, with 5.8 g o f cellulose-acetate-phthalate microcoated L-methionine, was 
prepared as described by Deasy (1984). A total o f 1.11 g o f CAP (Fluka Chemicals, 
Milwaukee, WT) were dissolved in 5.57 ml of acetone, to which 5.8 g o f L-methionine 
were added. The mixture was transferred to a rotary evaporator flask in a 50°C water 
bath (Rotavapor 461, Buchi Laboratoriums Technic, Germany) to remove acetone from 
the mixture.
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The purified CAP-methionine was added to the diet, which was sealed at 5°C and 
stored. Purified dry ingredients, L-methionine, water soluble vitamins, and macro­
minerals were weighed and mixed in a V-mixer (Patterson-Kelley Co., East Stroudsburg, 
PA) for 15 min. Lipid-soluble vitamins and micro-minerals were then added to the diet 
with an appropriate amount of water (~60% of diet by weight) and the mixture was 
blended at low speed for an additional 2-3 min. Diets were pelleted using a lA-HP meat 
grinder (General Slicing, Murfreesboro, TN) with a 1-mm die, air dried, and stored 
frozen and sealed until used.
Experiment 2
The three radio-labeled diets were prepared with L-35S-methionine with a specific 
activity o f 7.4 M Bq (200 pCi; Amersham Corp., Arlington Heights, IL). Radioactive 
and non-radioactive amino acids were mixed thoroughly and allowed to dry for a period 
of 15 min. Once the mixture was dry, the amino acids were either added directly to the 
diet, microencapsulated with tripalmitin, or microcoated with CAP. Procedures used to 
formulate these diets were the same as those described in the previous section.
Feeding Trials 
Experiment 1
Four fish were placed in each tank and treatments were assigned using a randomized 
complete block design. A purified diet supplemented with uncoated or coated 
methionine was used to determine the effect of methionine supplementation and type of 
coating on growth of Nile tilapia.
Five experimental diets were formulated to contain methionine from intact protein 
and four diets also were supplemented with crystalline methionine, provided as L- 
methionine, at a level o f 0.29% of diet (as fed). One diet (MD) contained only
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methionine from intact protein and was methionine deficient. A  second diet (CM) was 
supplemented with 0.29% crystalline methionine. Another (KCM) contained 0.29% 
carrageenan-microbound methionine. A fourth diet (TM) contained 0.29% methionine in 
the form o f lipid-walled, tripalmitin microcapsules, and the final diet (CAP) contained 
0.29% cellulose-acetate-phthalate microencapsulated methionine. Treatments MD and 
CAP had nine replicates and treatments CM, KCM, and TM had eight replicates. Fish 
were fed twice a day, at 0900 and 1600 h. During the first week o f the experiment, fish 
were fed 5% of body weight (BW) per day. The amount fed was adjusted each week (4 ± 
1 % BW) thereafter. Uneaten feed and feces were removed each morning before the first 
meal and again in the afternoon before the second meal. Fish were weighed individually 
twice per month. Consumption was determined twice per week as follows. Fish were 
allowed to feed for 15 min, after which all uneaten feed was siphoned from each of the 
four sections of each tank. Uneaten particulate matter was siphoned from the tank and 
filtered on Whatman 42 Filter Paper (Whatman, Kent, England), then dried overnight at 
room temperature. Uneaten diet was weighed and consumption was calculated as 
follows:
dry wt feed fed - dry wt uneaten feed
1) Consumption (%) = ---------------------------------------------------x body wt fed (%)
dry wt feed fed
At the end of the feeding trial, tilapia were weighed, and mortality, weight gain, 
weight increase per unit o f time (weight gain), feed efficiency ratio (FE), and protein 
efficiency ratio (PER) were calculated as follows:
final wt - initial wt
2) Weight gain = ----------------------------------
time
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g wet wt gain
3) FE = --------------------------
g dry wt feed fed
final wt — initial wt
4) PER = -----------------------------
g protein intake
After the first meal o f the last experimental day, three fish from each treatment were 
sacrificed at time intervals of 30 min, 1 h, 3 h, 6 h  and 12 h. After the final feeding, fish 
were anesthetized with tricaine methanesulfonate (MS-222) at a concentration o f  100 
mg/kg body weight. Livers were extracted, weighed to the nearest 0.01 g, frozen in 
liquid nitrogen, and stored for lipid extraction and triacylglycerol/phosholipid 
determination.
Liver lipid was extracted by the method o f Folch (1957) and total liver lipids were 
determined gravimetrically. Liver triacylglycerols were analyzed by the method o f 
Solony (1971). Phospholipid content was measured as the phosphate content o f  the lipid 
fraction, by the method o f Fiske and Subbarow (1925), after solvent evaporation and 
digestion o f the lipid fraction with sulfuric acid.
Blood was extracted from the caudal vein with a 20.5 gauge needle and a 5-mL 
syringe (Becton and Dickinson, Franklin Lakes, NJ) coated with heparin. Blood was 
placed in a heparinized vacutainer tube (Becton and Dickinson, Franklin Lakes, NJ) and 
centrifuged at a  fixed angle (Eppendorf model 5416, Brinkmann Instruments Inc. 
Westbury, NY) for 10 min at 1,500 x gravity (G). Blood plasma was ultracentrifuged 
(Centrifree, Amicon Inc., Beverly, MA) by the method o f Liu and Worthen (1992) at 
1,000 x G for 20 min and stored at -80°C for analysis o f free amino acids. Free amino
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acids were separated on an Adsorbosphere® column (Alltech Associates Inc., Deerfield, 
IL). Precolumn derivatization followed the method o f Alltech Associates (Data sheet 
D28062 Adsorbosphere® OP A). Briefly, 10 pL o f ultrafiltrate were placed in a vial and 5 
pL o f 0.0526 mMol/mL o f norvaline were added to the sample. The sample was then 
derivatized with 30 pL o f O-phthaldialdehyde (Sigma Chemical Co., St. Louis, MO). 
Exactly 60 s later, 75 pL of 0.4 M monopotassium phosphate (Sigma Chemical Co., St. 
Louis, MO) were added to the sample to stop the derivatization reaction. After stopping 
the reaction, 50 pL of the sample were injected into a HPLC system consisting o f a 
Varian 9010 solvent delivery system with a single, reciprocating piston pump, and a 
Varian Fluorichrom II single channel filter, fluorimeter detector (Varian Associates Inc., 
Walnut Creek, CA). Excitation was performed at 325 nm and fluorescence emission was 
measured at 445 nm. All sample injections were performed using a Varian model 9100 
autosampler (Varian Associates Inc., Walnut Creek, CA) equipped with a 50 pL sample 
loop at a flow rate o f 1.5 mL/min. A reverse-phase Adsorbosphere® OPA HR column 
(150 mm x 4.6 mm, 5 p particle size) (Alltech Associates Inc., Deerfield, IL) was used 
for chromatographic separations. Chromatographic peaks were recorded and integrated 
by the Varian 9010 solvent delivery system. A gradient was formed between two 
degassed solvents. Solvent A was 50 mM sodium acetate 0.5% tetrahydrofiiran (960:40 
v/v) and solvent B was methanol. The gradient used to separate and quantify amino acids 
is shown in Table 1. To obtain the final concentration in pmoI/mL o f aspartic acid, 
glutamic acid, serine, histidine, glycine, threonine, arginine, alanine, tyrosine, 
methionine, valine and isoleucine, standard curves were developed for each amino acid. 
After running known concentrations o f each amino acid, a linear regression between the
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Table 3. Gradient used to determine the free amino acid composition in serum o f the Nile 
tilapia Oreochromis niloticus. Mobile phase A  was 0.5% tetrahydrofuran in 
50mM sodium acetate, pH 5.7, and mobile phase B was absolute methanol.
Time (min)
Mobile Phase
A (%) B (%)
0 0 100
3 7 93
28 46 54
42 85 15
45 0 100
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ratio o f the areas o f the amino acid in question and the standard was plotted. The 
resulting equation was used to determine the concentration o f each free amino acid in the 
blood of the Nile tilapia.
Experiment 2
Three experimental diets were tested to determine the rate at which coated and 
uncoated crystalline methionine was absorbed. Labeled 35S was used to determine the 
fate o f sulfur from dietary methionine by identifying its presence in the blood, internal 
organs, and muscle.
Three radio-labeled diets with L-35S-methionine with a specific activity o f 7.4 Bq 
(200 pCi) (Amersham Corp., Arlington Height, IL), were added to the crystalline 
methionine at a level o f 0.29% o f  the diet (as fed). The CM diet was supplemented with 
0.29% crystalline methionine, the TM diet with.29% methionine in the form o f lipid- 
walled, tripalmitin microcapsules, and the CAP diet with 0.29% cellulose-acetate- 
phthalate (CAP) microencapsulated methionine.
A total of forty-five, white pearl, Nile tilapia were used to determine the rate o f L-
1C
S-methionine uptake. Fifteen fish were used per treatment. Three fish were used to 
determine absorption rate at each time interval (i.e., 30 min, 1 h, 3 h, 6 h, 12 h). Prior to 
the beginning of the experiment the fish were fasted for 24 h.
Fish were weighed to 0.01 g  and the amount of diet provided to each fish was 
equivalent to 2.5% of body weight. The radio-labeled diet was prepared by adding 100% 
water v/w to the diet to obtain a semi-viscous mixture. The diet was placed in a 10-mL 
syringe with a 10-cm, straight, Varian poly tube (1.5-mm ID x 3.00 OD) attached to it.
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The poly tube was inserted in the mouth of the fish and into the stomach, where, by 
gentle pressure o f  the syringe plunger, the diet was dispensed.
After fish were force-fed the experimental diet with L-35S-methionine, they were 
sacrificed at the predetermined time intervals. Fish were anesthetized with 105 mg/L o f 
tricaine methane sulfonate (MS-222) and approximately 1 ml o f blood was drawn from 
the caudal vein o f each fish. After blood extraction, fish were sacrificed by severing the 
spinal cord behind the skull with a scalpel. Fish were opened ventrally and samples of 
kidney, liver, spleen, and muscle were obtained. The digestive system was also dissected 
and divided into stomach, foregut or hepatic loop, midgut or gastric loop, hindgut or 
terminal portion o f the intestine, and the respective contents o f each. Samples of each 
organ were weighed to the nearest 0.01 g, placed in scintillation vials, and digested with 1 
mL o f tissue solubilizer (TS-2) at 50°C for 24 h. After digestion was completed, 3.5mL 
of scintillation cocktail (Ultima Gold, Hewlett-Packard) was added to each sample for 
determination o f specific radioactivity.
Blood was extracted from the caudal vein with a 20-gauge needle and a 3-mL 
syringe (Becton and Dickinson, Franklin Lakes, NJ) coated with heparin. Blood was 
placed in a heparinized vacutainer tube (Becton and Dickinson, Franklin Lakes, NJ) and 
centrifuged at a fixed angle (Eppendorf model 5416, Brinkmann Instruments Inc. 
Westbury, NY) for 10 min at 1,500 x G. Blood plasma was ultracentrifuged (Centrifree, 
Amicon Inc., Beverly, MA) by the method of Liu and Worthen (1992) at 1,000 x G for 
20 min. The serum extract was transferred to a scintillation vial and 4 mL o f scintillation 
cocktail (Ultima Gold, Hewlett-Packard) were added to each sample for determination o f
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specific radioactivity. Specific radioactivity was measured using an Beckman beta 
counter (Beckman Coulter, Fullerton, CA).
To calculate counting efficiency, two standard curves, one for color quenching and 
the other for chemical quenching, were developed. Once efficiency was determined by 
by means of a linear equation, the number o f decays per minute DPM (Becquerels) was 
calculated. Samples were corrected for decay using the following formula:
5) At=Aoe‘xt
where At and Ao are the corrected activity and the activity measured in disintegrations per 
unit of time, e is the exponential function, X is a given fraction o f atoms disintegrating 
per unit of time, and t is time.
Fractional rates o f protein synthesis expressed as 35S-methionine present in tissue in 
free and protein-bound 35S form, were calculated as recommended by Houlihan and 
Laurent (1987).
SB 1440
6) Apparent rate o f protein synthesis (k)s= ( x ) x 100
Sa t
Where Sb and Sa are the specific radioactivity o f free and protein-bound 35S respectively; 
1440 is the number o f minutes per day, and t is the incorporation period in minutes. 
Proximate Analysis
Proximate analysis was conducted according to the methods o f  the Association of 
Official Analytical Chemists (1995). Major ingredients and a sample o f each finished 
diet were analyzed for crude protein, crude lipid, moisture, and gross energy content 
(Table 4). Crude protein was determined with the macro-kjeldahl procedure (Kjeltech 
Autoanalyzer 1030, Tecator AB, Hoganas, Sweden). Crude lipid was obtained by the
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Soxtec procedure (Soxtec System HT6, Tecator AB, Hoganas, Sweden). Dry matter was 
determined by drying the sample a t 100°C for 24 hours in a convection oven 
(Thermolyne oven series 9000, Dubuque, IA). Gross energy o f the diet was determined 
with an adiabiatic bomb calorimeter (Model 1720, Parr Intrument Co., Moline, IL). Iron, 
zinc, cupper and sulfur were measured by inductively coupled plasma emission 
spectrophotometry (ICP)(AOAC 1997)
Data Analysis
The experimental design was a  randomized complete block. Mean weight gain; 
survival; feed efficiency; body protein content; lipid, ash, moisture, and mineral content 
of tissues; amino acid content of blood; triacylglycerol/phospholipid ratio in tissue lipid; 
and radioactivity in selected organs, the digestive system, and its contents were analyzed 
by multivariate GLM, version 6.12 (SAS 1985). When significant differences were 
found, treatment means were separated with Student-Newman-Keuls multiple range test 
at a P value o f 0.05. Data expressed in percentages were arcsin-square-root transformed 
before analysis o f variance.
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Table 4. Proximate composition and digestible energy content o f  the five experimental 
diets.
Diet1 Protein
(%)
Lipid
(%)
Moisture Energy 
(kcal/g diet)
MD 26.75 2.46 10.71 2.21
CM 26.28 2.41 10.89 2.21
KCM 26.26 2.45 10.02 2.21
TM 26.37 2.24 9.94 2.21
CAP
1 > m
26.68 2.25 10.71 2.21
MD =  methionine deficient, CM =  crystalline methionine, KCM = kappa- 
carrageenanan, TM = tripalmitin methionine, and CAP = cellulose-acetate-phthalate 
methionine
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RESULTS
Experiment 1
Growth Performance
Initial weight, final weight, weight gain, survival, and condition factor of fish fed the 
experimental diets are presented in Table 5. There were no significant differences (P > 
0.05) in final weight, weight gain, survival rate, or condition factor (CF) among fish fed 
the five diets. Weight gains ranged from 327% to 390%, survival from 94% to 100%, 
and CF from 1.6 to 1.7.
Feed conversion ratio, protein efficiency ratio and feed consumption are shown in 
Table 6. Feed conversion ratios ranged from 1.9 to 2.1, with no significant differences 
among treatments (P > 0.05). Protein efficiency ratios ranged from 1.8 g to 2.0 g weight 
gain per g of protein fed and did not differ (P > 0.05) among treatments. Feed 
consumption also did not differ (P > 0.05) among dietary treatments.
Body Composition
Crude protein, moisture, lipid, and energy content o f muscle (fillets) are shown in 
Table 7. Muscle protein in MD-fed fish was significantly lower than in fish fed the other 
four diets. Moisture content o f fillets of fish fed MD was significantly higher than that of 
fish fed the other diets. Crude lipid content o f fish fed KCM was significantly higher 
that that of fish fed CAP, but there were no other differences (P > 0.05) in lipid content of 
fillets among treatments. There were no differences (P > 0.05) in the caloric content of 
muscle tissue among fish fed the experimental diets.
Hepatosomatic index, liver weight, liver lipid, triacylglycerol (TAG) and 
phospholipid content, and TAG/phospholipid ratio are presented in Table 8.
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Table 5. Weight gain, survival, and condition factor of Nile tilapia fed the experimental diets for 16 weeks'.
Diet2 Initial weight 
(g)
Final weight 
(g)
Weight gain 
(%)
Survival
(%)
Condition
Factor
MD 25.96 ± 2.49 83.26 ± 11.47a 326.91 ±47.82° 97.22 ±0.33° 1.66 ±0.20°
CM 25.96 ± 2.49 98.96 ± 10.62" 390.40 ±61.21° 100 ±00° 1.70±0.16°
KCM 25.96 ± 2.49 96.49+ 18.94a 381.89 ±68.17° 100 ± 0 0 8 1.71 ±0.14°
TM 25.96 ± 2.49 90.20 ± 17.03° 355.68 ±54.67° 96.87 ±0.35° 1.68 ±0 .19“
CAP 25.96 ± 2.49 89.84 ±20.05“ 346.31 ±97.86° 94.44 ± 0.44 “ 1.65 ±0.13“
1 Means in the same column with the same superscript are not significantly different (P > 0.05)
2 MD = methionine deficient, CM = crystalline methionine, KCM = kappa-carrageenanan, TM = tripalmitin methionine, 
and CAP = cellulose-acetate-phthalate methionine
to
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Table 6. Feed conversion ratio, protein efficiency ratio, and feed consumption of Nile 
_______ tilapia fed the experimental diets for 16 weeks1._________________________
Diet2 Feed Conversion 
Ratio2
Protein Efficiency 
Ratio3
Feed Consumption 
(%)4
MD 1.95 ± 0.17 a 1.94 ±0.17 3 2.62 ± 0.49 3
CM 2.07 ± 0.17 a 1.86 ± 0.14 a 3.12 ±0.64 3
KCM 2.10 ± 0.30 a 1.85 ±0.29 3 2.88 ±0.33 3
TM 2.13 ± 0.23 a 1.80 ±0.18 3 2.75 ± 0.56 3
CAP 1.91 ±0.35 3 2.03 ± 0.42 3 2.79 ± 0.59 3
1 Means o f eight replicates for treatment CM, KCM, and TM; means o f nine replicates 
for treatments MD and CAP. Means in the same column with the same superscript are 
not significantly different (P > 0.05).
2 MD = methionine deficient, CM = crystalline methionine, KCM = kappa- 
carrageenanan, TM = tripalmitin methionine, and CAP = cellulose-acetate-phthalate 
methionine
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Table 7. Crude protein, moisture, lipid, and energy content of fillets of Nile tilapia fed the experimental diets for 16 
weeks1.
Diet
Crude Protein 
(%)
Moisture
(%)
Crude lipids 
(%)
Energy
(kcal/g)
MD 18.35 +0.40b 80.44 ±3.248 1.44 ±0.488b 2.616 ±0.498
CM 19.63 ±0 .408 78.72 ± 1.08b 1.29 ±0.24ab 3.120 ±0.648
KCM 20.09 ±0.15 8 77.58 ± 0.70b 1.63 ±0.39 8 2.877 ±0.33 8
TM 19.86 ±0 .508 77.73 ± 1.06 b 1.38 ±0 .098b 2.755 ± 0.56a
CAP 19.24 ±0.53 8 77.82 ± 2.19b 0.97 ±0.31 b 2.786 ± 0.598
1 Means in the same column with the same superscript are not significantly different (P > 0.05)
2 MD = methionine deficient, CM = crystalline methionine, KCM = kappa-carrageenanan, TM = tripalmitin 
methionine, and CAP = cellulose-acetate-phthalate methionine
to
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Table 8. Hepatosomatic index, liver weight, liver lipid content, and triacylglycerol (TAG), and phospholipid content,
Diet3 Hepatosomatic
Index2
Liver Weight 
(g)
Liver lipid 
(g/lOOg)
TAGs
(g/lOOg)
Phospholipids 
(mg/100 g)
TAG/
Phospholipid
ratio
MD 1.31 ±0.43“ 1.81 ±0.67a 2.75 + 0.67a 0.53 ± 0.35 b 2.55 ± 1.70“ 0.41 ±0.28“
CM 1.49 ± 0.54a 1.45 ± 0.72a 3.87 ± 2.44a 0.92 + 0.29 “ 2.09 ± 1.70a 0.50 ± 0.30 “
KCM 1.68 ± 0.47a 1.70 ± 0.69a 3.09 ± 1.09° 0.88 ±0.26“ 2.49 ±1.16“ 0.38 ± 0.20 “
TM 1.44 ± 0.39a 1.40 ±0.61a 3.20 ± 0.90a 0.80 ± 0.27ab 2.79 ± 1.60“ 0.36 ± 0.26 “
CAP
I'w '
1.58 +0.39a 1.36 + 0.70“ 2.90+ 1.32“ 0.80 ± 0.35ab 3.00 ±2.46“ 0.51 ±0 .47“
2(Liver weight/whole body weight) x 100
3 MD = methionine deficient, CM = crystalline methionine, KCM = kappa-carrageenanan, TM = tripalmitin 
methionine, and CAP = cellulose-acetate-phthalate methionine
to-j
28
Hepatosomatic indices ranged from 1.31 to 1.68 and did not differ (P > 0.05) among 
treatments. Liver weight and liver lipid content also did not differ (P > 0.05) among 
treatment groups. Liver TAG content was significantly higher in fish fed CM and KCM 
than in fish fed MD, but otherwise did not differ (P > 0.05) among treatments. 
Phospholipid content o f the  liver was not different (P > 0.05) among treatments. 
TAG/phospholipid ratio •was also not affected (P > 0.05) by dietary treatment.
Sulfur, iron, zinc, and copper content o f muscle tissue (fillet) are presented in Table 
9. Sulfur content o f fillets o f tilapia fed TM and CAP was significantly higher than that 
o f fish fed MD. There w ere no significant differences in iron, zinc, and copper content of 
fillets among fish in any o f  the dietary treatments.
A standard curve (Figure 1) was generated to calculate plasma methionine 
concentration in blood o f  tilapia fed the experimental diets. Free amino acid 
concentrations (Figure 2> were determined by HPLC and reported in Table 10. There 
were no significant differences in plasma free-methionine content were observed among 
treatments at time intervals of 0.5 h, 1 h, 3 h and 12 h. At 6 h, plasma free-methionine o f 
fish fed CAP was higher than that of fish fed the other diets. Changes in individual 
amino acid concentration.s in the peripheral circulation (caudal vein) o f fish fed the 
methionine deficient (M D) diet are shown in Figure 3. Results obtained from the 
peripheral blood plasma showed that among MD-fed fish, concentrations o f  non-essential 
amino acids (NEAA) peaked at 3 h after feeding, glycine (GLY) being the amino acid 
present in the greatest concentration. Essential amino acids (EAA) in blood plasma 
showed a similar trend, wdth histidine (HIS) peaking 6 h after feeding (Figure 4). Figure 
5 shows the kinetic behavior of NEAA and EAA in blood plasma after feeding a diet
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Table 9. Mineral composition of muscle tissue o f Nile tilapia fed the experimental 
diets for 16 weeks1.
Diet2 S
(ppm)
Fe
(ppm)
Zn
(ppm)
Cu
(ppm)
MD 9844.60 ± 588.87 b 20.63 ±4.31 a 18.71 ±2.59 a 3.60 ±2.78 3
CM 10247.73 ± 773.25 ab 18.01 ±3.53 a 17.89 ± 3.29 a 3.26 ±2.07 3
KCM 10341.73 ±657.69 ab 17.75 ±  3.32 a 16.02 ± 2 .6 6 3 2.59 ± 1.713
TM 10836.07 ± 532.43 a 22.40 ± 12.10 a 17.94 ±2.15 a 2.89 ± 1.82 3
CAP 10883.13 ± 769.90 a 21.25 ± 8 .8 1 a 18.71 ±3.08 3 2.82 ± 1.803
1 Means in the same column with the same superscript are not significantly different (P >
0.05)
MD = methionine deficient, CM = crystalline methionine, KCM = kappa- 
carrageenanan, TM = tripalmitin methionine, and CAP =  cellulose-acetate-phthalate 
methionine
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Ar
ea
 
m
et
hi
on
in
e/
ar
ea
 
no
rv
al
in
e
30
9
8 r = 0.9750 
slope =  46.42 
intercept = 0.087 
P <  0.0001
7
6
5
4
3
2
0
0 .0 7 50 0 . 0 2 5 0 .0 5
Methionine standard fmmol/mL’l
Figure 1. Linear regression of the ratio of the area of the methionine standard to that of 
the area o f norvaline, vs. concentration of the methionine standard.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Reproduced 
with 
perm
ission 
of the 
copyright ow
ner. 
Further reproduction 
prohibited 
without perm
ission.
CO r>
o
<Nno
o
ir»
so
09
n O
H
«  co53 •“» tfi
i i  l  I i  I I i  i i • i  i  i  ■
co
I  I t  I • T
Figure 2. Typical chromatogram of amino acid composition of plasma taken from the caudal vein of Nile 
tilapia fed one of the experimental diets.
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Table 10. Mean plasma free-methionine at different time intervals in Nile tilapia fed the experimental diets for 16 
weeks1.
Diet2
Time
(h)
0.5 1 3 6 12
MD 6.43 ± 2.53 a 5.12 ± 1.53a 8.92 ± 4.70a 4.83 ± 2.57b 4.13 ±2.43 8
CM 8.91 ±3.32a 9.39 ± 2.72a 6.09 ± 1.43a 8.47 ± 3.66b 6.51 ± 3.13a
KCM 12.50 ±8.10“ 10.05 ± 5.68a 6.77 ± 4.59a 5.55 ± 0.71b 8.82 ±3.398
TM 10.45 ± 3.71a 7.92 ± 1.56a 5.12 ± 0.71a 10.80 ± 2,63b 10.14 ±5.70a
CAP 7.45 ± 4.59a 6.15 ± 2.47a 11.06 +4.85a 23.58 ± 15.59a 7.84 ± 1.618
1 Means in the same column with the same superscript are not significantly different (P > 0.05)
2 MD = methionine deficient, CM = crystalline methionine, KCM = kappa-carrageenanan, TM = tripalmitin 
methionine, and CAP = cellulose-acetate-phthalate methionine
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Figure 3. Post-prandial changes in plasma concentrations o f non-essential amino acids 
(NEAA; upper graph) and essential amino acids (EAA; lower graph) collected 
from the caudal vein after feeding a methionine deficient diet (MD). ALA = 
alanine, ARG = arginine, ASP = aspartic acid, GLU = glutamic acid, GLY = 
glycine, HIS = histidine, ISO = isoleucine, LEU = leucine, MET = methionine, 
PHE = phenylalanine, SER = serine, THR = threonine, TYR = tyrosine, VAL =
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Figure 4. Post-prandial changes in plasma concentrations of non-essential amino acids 
(NEAA; upper graph) and essential amino acids (EAA; lower graph) collected 
from the caudal vein after feeding a diet supplemented with uncoated 
crystalline methionine (CM). ALA = alanine, ARG = arginine, ASP = aspartic 
acid, GLU = glutamic acid, GLY = glycine, HIS = histidine, ISO = isoleucine, 
LEU = leucine, MET = methionine, PHE = phenylalanine, SER = serine,
THR = threonine, TYR = tyrosine, VAL = valine.
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supplemented with uncoated crystalline methionine (CM). The NEAA graph shows tfiat 
all amino acids peaked at 6 h after feeding, with the exception of serine that peaked a t  lh  
and glycine and alanine which peaked at least 12 h after feeding. The EAA graph sho-ws 
two increases among most EAA, the first at 1 h and a second at 6 h after feeding. Valine, 
however, reached its lowest point at 6 h after feeding, followed by an increase at 12 h 
after feeding. NEAA and EAA changes in plasma of tilapia fed the kappa-carragenan 
(KCM) diet are shown in Figure 5. Serine was the only amino acid to peak at 3 h; no 
other peak was detected at 3 h or 6 h after feeding. At 12 h there was a slight but steady 
increase in the concentration o f NEAA and EAA, with the exception o f leucine, which* 
decreased 12 hours after feeding. Figure 6 shows the kinetic behavior o f plasma amino 
acids o f fish fed tripalmitin microencapsulated methionine (TM). The trend of NEAA 
concentrations showed a slight peak at 6 h for SER, while concentrations o f other NEAA 
continued to increase up to 12 h after feeding. EAA levels showed two different 
increases over time; valine, leucine, and phenylalanine peaked at 3 h after feeding, othor 
EAA at 6 h after feeding. The kinetic behavior o f NEAA and EAA in plasma o f fish fed  
the CAP methionine diet are presented in Figure 7. Glycine and glutamic acid peaked at 
3 h, the rest at 6 h after feeding. EAA levels showed that isoleucine, valine, and 
threonine peaked at 3 h after feeding, while other EAA peaked at 6 h after feeding. 
Threonine peaked another time 12 h after feeding 
Experiment 2 
Digestive System
Units o f 35S-methionine activity in the stomach, obtained at time intervals o f 0.5 hi, 1 
h, 3 h, 6 h and 12 h are shown in Figure 8. Isotope activity in the stomach walls of fish
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Figure 5. Post-prandial changes in plasma concentrations o f non-essential amino acids 
(NEAA; upper graph) and essential amino acids (EAA; lower graph) collected 
from the caudal vein after feeding a diet supplemented with kappa-carragenan 
microbound methionine (KCM). ALA = alanine, ARG = arginine, ASP = 
aspartic acid, GLU = glutamic acid, GLY =  glycine, HIS = histidine, ISO = 
isoleucine, LEU = leucine, MET = methionine, PHE = phenylalanine, SER = 
serine, THR =  threonine, TYR = tyrosine, VAL = valine.
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Figure 6. Post-prandial changes in plasma concentrations of non-essential amino acids 
(NEAA; upper graph) and essential amino acids (EAA; lower graph) collected 
from the caudal vein after feeding a diet supplemented with tripalmitin 
microencapsulated methionine (TM). ALA =  alanine, ARG = arginine, ASP = 
aspartic acid, GLU = glutamic acid, GLY = glycine, HIS = histidine, ISO = 
isoleucine, LEU = leucine, MET =  methionine, PHE = phenylalanine, SER = 
serine, THR = threonine, TYR = tyrosine, VAL = valine.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
EA
A 
co
nc
en
tra
tio
n 
(u
m
ol
/m
L)
 
NE
AA
 
co
nc
en
tra
tio
n 
(u
m
ol
/m
L
)
38
250 T
200  - -
GLY
150
SE R
100 X
ALA
GLU
TYR
ASP
120.5 63
140 T
120 T
HIS
100 T
LEU
PHE
ARG
60
40 VAL
ISO
THR
20 MET
0.5 3 6 12
Time (h)
Figure 7. Post-prandial changes in plasma concentrations of non-essential amino acids 
(NEAA; upper graph) and essential amino acids (EAA; lower graph) collected 
from the caudal vein after feeding a diet supplemented with cellulose-acetate- 
phthalate microcoated methionine (CAP). ALA = alanine, ARG = arginine, 
ASP = aspartic acid, GLU = glutamic acid, GLY = glycine, HIS = histidine, 
ISO = isoleucine, LEU = leucine, MET = methionine, PHE = phenylalanine, 
SER = serine, THR = threonine, TYR = tyrosine, VAL = valine.
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Figure 8. S activity in decays per minute per mg o f  stomach-wall tissue of Nile tilapia 
fed the experimental diets. CM = crystalline methionine, TM = tripalmitin 
microencapsulated methionine, and CAP = cellulose-acetate-phthalate coated methionine. 
Means in the same time interval with the same letter are not significantly different (P > 
0.05).
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fed the different diets was not significantly different at 0.5 h, 3 h, or 6 h after feeding. 
Crystalline methionine (CM) produced significantly higher isotope activity in the 
stomach wall 1 h after feeding, than TM- or CAP-coated methionine diets. At 12 h, CM- 
fed and CAP-fed fish had significantly higher 35S activity in the stomach wall than fish 
fed TM.
Units o f 35S-methionine activity in the foregut at 0.5 h, 1 h, 3 h, 6 h, and 12 h are 
shown in Figure 9. At 0 h, fish fed CM had significantly higher levels of 35S activity in 
tissues of the foregut than fish fed coated methionine (TM or CAP). At 6 h and 12 h after 
feeding, 35S activity was significantly higher in foregut tissues o f fish fed CM or CAP, 
than in fish fed TM.
Units o f 35S activity in the midgut are shown in Figure 10. At 0.5 h and 1 h after 
feeding, there were no significant differences in 35S activity in sections o f midgut tissues 
from fish fed the experimental diets. At 3 h there was significantly greater activity in fish 
fed CM than in fish fed TM, although fish fed CM or CAP, and those fed TM or CAP did 
not differ in the 35S activity of the midgut. At 6 h there was significantly less activity in 
TM-fed fish than in CAP-fed fish, but fish fed TM or CAP did not differ (P > 0.05) from 
fish fed CM. At 12 h, CM-fed and CAP-fed fish had significantly higher 35S activity in 
midgut tissues than fish fed TM. CM and CAP did not differ in their effects on 35S 
activity in midgut 12 h after feeding.
Units of 35S activity in hindgut tissue is shown in Figure 11. At 0.5 h, 1 h, and 3 h 
there were no differences (P > 0.05) among diets with regard to effects on 35S activity in 
hindgut tissues. At 6 h, all three diets differed significantly in their effects on 35S activity 
(CAP > CM > TM). At 12 h, the result was the same as that observed in midgut tissues;
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Figure 9. 35S activity in decays per minute per mg of wall-tissue in the hepatic loop 
(foregut) o f Nile tilapia fed the experimental diets. CM = crystalline methionine, TM = 
tripalmitin microencapsulated methionine, and CAP = cellulose-acetate-phthalate coated 
methionine. Means in the same time interval with the same letter are not significantly 
different (P > 0.05).
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Figure 10. S activity in decays per minute per mg o f wall-tissue in the gastric loop 
(midgut) of Nile tilapia fed the experimental diets. CM = crystalline methionine, TM =  
tripalmitin microencapsulated methionine, and CAP = cellulose-acetate-phthalate coated 
methionine. Means in the same time interval with the same letter are not significantly 
different (P > 0.05).
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Figure 11. 35S activity in decays per minute per mg o f wall-tissue in the terminal portion 
(hindgut) of Nile tilapia fed the experimental diets. CM = crystalline methionine, TM = 
tripalmitin microencapsulated methionine, and CAP = cellulose-acetate-phthalate coated 
methionine. Means in the same time interval with the same letter are not significantly 
different (P > 0.05).
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CM-fed and CAP-fed fish did not differ from each other, but both exhibited significantly 
higher levels of 35S activity in hindgut than fish TM.
35S activity o f stomach contents is shown in Figure 12. No difference (P > 0.05) 
among treatments was found at 0.5 h, 1 h, and 6 h after feeding. At 3 h, all three diets 
differed significantly in their effects on 35S activity (CAP > CM > TM). At 12 h, fish fed 
CM or CAP had significantly higher levels o f 35S activity in stomach contents than fish 
fed TM.
35S activity in the foregut contents are shown in Figure 13. No differences were 
detected, except 1 h after feeding, when 35S activity in the foregut contents o f fish fed 
CM was significantly higher than in fish fed TM or CAP.
35S activity in midgut contents are shown in Figure 14. No differences were 
detected among treatments at any o f the five time intervals tested. 35S activity in hindgut 
contents is shown in Figure 15. At 0.5 h, 3 h, 6 h, and 12 h after feeding, no difference 
was observed among dietary treatments. At 1 h, there was a significantly higher level of 
35S activity in hindgut contents of fish fed CM than in those fed CAP. Fish fed CM or 
TM, and fish fed TM or CAP did not differ (P > 0.05) in 35S activity o f hindgut contents. 
Internal Organs and Muscle
35S activity in liver is shown in Figure 16. No difference among treatments was 
detected at 0.5 h after feeding. However, 1 h after feeding 35S activity in liver of fish fed 
TM was significantly lower than that o f fish fed CM or CAP. At 3 h and 6 h after 
feeding, all three diets differed significantly in their effect on 35S activity in liver (CAP > 
CM > TM). At 12 h, 35S activity in liver o f fish fed CAP was significantly greater than in 
fish fed TM, although fish fed CM or TM, and fish fed CM or CAP did not differ (P > 
0.05) in 35S activity of liver.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
45
BCM 
■  TM 
□  CAP
T im e (h)
Figure 12. 35S activity in decays per minute per mg of stomach contents of Nile tilapia 
fed the experimental diets. CM = crystalline methionine, TM = tripalmitin 
microencapsulated methionine, and CAP = cellulose-acetate-phthalate coated methionine. 
Means in the same time interval with the same letter are not significantly different (P > 
0.05).
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Figure 13. 35S activity in decays per minute per mg o f hepatic loop (foregut) contents of 
Nile tilapia fed the experimental diets. CM = crystalline methionine, TM = tripalmitin 
microencapsulated methionine, and CAP = cellulose-acetate-phthalate coated methionine. 
Means in the same time interval with the same letter are not significantly different (P > 
0.05).
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Figure 14. 35S activity in decays per minute per mg of gastric loop (midgut) contents of 
Nile tilapia fed the experimental diets. CM = crystalline methionine, TM = tripalmitin 
microencapsulated methionine, and CAP = cellulose-acetate-phthalate coated methionine. 
Means in the same time interval with the same letter are not significantly different (P > 
0.05).
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Figure 15. 35S activity in decays per minute per mg o f terminal portion (hindgut) 
contents of Nile tilapia fed the experimental diets. CM = crystalline methionine, TM = 
tripalmitin microencapsulated methionine, and CAP = cellulose-acetate-phthalate coated 
methionine. Means in the same time interval with the same letter are not significantly 
different (P > 0.05).
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Figure 16. 35S activity in decays per minute per mg of liver tissue of Nile tilapia fed the 
experimental diets. CM = crystalline methionine, TM = tripalmitin microencapsulated 
methionine, and CAP = cellulose-acetate-phthalate coated methionine. Means in the same 
time interval with the same letter are not significantly different (P > 0.05).
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■ic
S activity in spleen tissue is shown in Figure 17. At 0.5 h, 1 h , and 3 h after 
feeding no significant difference among treatments was observed. At 6 h and 12 h after 
feeding, CM- and CAP fed fish had significantly higher 35S activity in the spleen than 
fish fed TM.
35S activity in muscle is shown in Figure 18. At 0.5 h and 1 h after feeding there 
were no differences in 35S activity o f muscle among treatment groups. At 3 h there was a 
significant difference between fish fed CAP and TM (CAP > TM), but not between fish 
fed CAP and CM, or between fish fed TM and CM. At 6 h and 12 h, 35S activity in 
muscle of tilapia fed CM or CAP was significantly greater than that of fish fed TM.
35S activity in blood plasma is shown in Figure 19. No differences in 35S activity of 
blood plasma were detected at any time among the treatment groups.
Apparent Protein Synthesis
Apparent protein synthesis in muscle, based on the amount o f free and protein- 
bound 35S incorporated in tissue (formula No. 6) is shown in Figure 20. There were no 
differences in the quantity of protein synthesized in muscle at 0.5 h, 1 h, 3 h and 12 h 
after feeding. At 6 h, fish fed CAP had significantly higher apparent protein synthesis in 
muscle than fish fed CM or TM.
Apparent protein synthesis in liver is shown in Figure 21. No significant difference 
among treatments was detected at 0.5 h after feeding. However, at 1 h, 6 h and 12 h, fish 
fed CAP has significantly higher protein synthesis rates in liver than fish fed CM or TM, 
which did not differ (P > 0.05) from each other in protein synthesis activity. At 3 h, all 
three dietary treatments differed significantly (CAP > CM > TM).
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Figure 17. 35S activity in decays per minute per mg of spleen tissue of Nile tilapia fed the 
experimental diets. CM = crystalline methionine, TM = tripalmitin microencapsulated 
methionine, and CAP = cellulose-acetate-phthalate coated methionine. Means in the same 
time interval with the same letter are not significantly different (P > 0.05).
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Figure 18. 35S activity in decays per minute per mg o f muscle tissue of Nile tilapia fed 
the experimental diets. CM = crystalline methionine, TM = tripalmitin 
microencapsulated methionine, and CAP = cellulose-acetate-phthalate coated methionine. 
Means in the same time interval with the same letter are not significantly different (P > 
0.05).
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Figure 19. 3:>S activity in decays per minute per |iL  o f blood plasma of Nile tilapia fed 
the experimental diets. CM = crystalline methionine, TM = tripalmitin 
microencapsulated methionine, and CAP = cellulose-acetate-phthalate coated methionine. 
Means in the same time interval with the same letter are not significantly different (P > 
0.05).
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Figure 20. Fractional rates o f apparent protein synthesis obtained from free and protein- 
bound 35S methionine in muscle tissue o f Nile tilapia fed the experimental diets. CM = 
crystalline methionine, TM = tripalmitin microencapsulated methionine, and CAP = 
cellulose-acetate-phthalate coated methionine. Means in the same time interval with the 
same letter are not significantly different (P > 0.05).
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Figure 21. Fractional rates of apparent protein synthesis obtained from free and protein- 
bound 35S methionine in liver tissue of Nile tilapia fed the experimental diets. CM = 
crystalline methionine, TM = tripalmitin microencapsulated methionine, and CAP = 
cellulose-acetate-phthalate coated methionine. Means in the same time interval with the 
same letter are not significantly different (P > 0.05).
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Apparent protein synthesis in spleen is shown in Figure 22. No significant 
differences were detected at 0.5 h, or 1 h after feeding. At 3 h, 6 h, and 12 h after 
feeding, CAP-fed fish exhibited significantly greater protein synthesis in spleen tissue 
than fish fed CM or TM, which did not differ (P > 0.05) from, each other in protein 
synthesis activity.
The overall dynamics of 35S activity in the intestinal wall tissues o f Nile tilapia is 
shown in Figure 23. Although there were no significant differences among treatments in 
any of the three segments of the tilapia intestine, mean 35S activity of CM-fed and CAP- 
fed fish tended to be higher in all segments o f the intestine than 35S activity o f TM-fed 
fish.
The overall activity o f 35S in digesta is shown in Figure 24. There were no 
differences in 35S activity of digesta among fish fed the three experimental diets, but a 
trend was indicated. 35S activity of digesta within the first segment of the intestine 
suggested that the TM and CAP coatings tended to “protect” methionine from digestive 
processes relative to uncoated methionine (CM). In the midgut and hindgut sections, any 
such advantage appeared to be lost.
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Figure 22. Fractional rates o f apparent protein synthesis obtained from free and protein- 
bound 35S methionine in spleen tissue of Nile tilapia fed the experimental diets. CM = 
crystalline methionine, TM  = tripalmitin microencapsulated methionine, and CAP = 
cellulose-acetate-phthalate coated methionine. Means in the same time interval with the 
same letter are not significantly different (P > 0.05).
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Figure 23 . 35S methionine activity in intestinal-wall tissues o f the Nile tilapia fed the 
three experimental diets. No significant differences were found in 35S activity. CM = 
crystalline methionine, TM = tripalmitin microencapsulated methionine, and CAP = 
cellulose-acetate-phthalate coated methionine. Means in the same time interval with the 
same letter are not significantly different (P > 0.05).
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Figure 24 .35S methionine activity in the digesta o f Nile tilapia fed the three experimental 
diets. No significant differences were found in 35S activity. CM = crystalline methionine, 
TM = tripalmitin microencapsulated methionine, and CAP = cellulose-acetate-phthalate 
coated methionine. Means in the same time interval with the same letter are not 
significantly different (P > 0.05).
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DISCUSSION
Experiment 1
In this experiment, the protein content o f the diet was 26%, with approximately 50% 
of available methionine supplemented in crystalline form. The Nile tilapia, compared to 
other species, is able to grow on relatively low levels o f dietary crude protein and with 
high levels o f plant protein in the diet. In tilapia, a 24% crude protein diet with 70% of 
the protein provided by fish meal and 30% by soybean meal has been shown to produce 
the same growth as a 32% crude protein diet with the same proportion of fish meal and 
soybean meal (Shiau et al. 1987). Another study has shown that 26% dietary crude 
protein is the minimum crude protein level needed for maximum growth and feed 
efficiency o f 21-g hybrid tilapia (Oreochromis niloticus x  O. aureus) fed all-plant diets 
(Twibell and Brown 1998). However, 28% protein is recommended for tilapia raised in 
tanks (Twibell and Brown 1998).
In fish, diets supplemented with crystalline amino acids produce poor growth when 
compared to diets in which all the amino acids are supplied in intact protein (Cowey et al. 
1992). Some researchers have demonstrated that common carp and rainbow trout utilize 
crystalline amino acids less efficiently than amino acids from fish meal protein (Kaushic 
and Luquet 1980; Pongmaneerat et al. 1993). Wang et al. (1985) reported no difference 
in weight gain o f tilapia fed a 26% all-plant-protein diet supplemented with 0.3% 
methionine and fish fed a 34% protein diet supplemented with 0.2% methionine. Shiau et 
al. (1987) found no difference in weight gain o f hybrid tilapia (O. niloticus x  O. aureus) 
fed a 24% protein diet with and without methionine supplementation, and fish fed 32% 
protein with and without supplemental methionine. Jackson and Capper (1982) reported
60
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reduced growth with increasing levels o f free methionine in diets fed to Mozambique 
tilapia (Oreochromis. mossambicus). Hybrid tilapia (O. niloticus x  O. aureus) fed a diet 
supplemented with lysine showed no difference in weight gain (Jackson and Capper 
1982). In this study, as well, MD nor any o f the methionine-supplemented diets affected 
weight gain of Nile tilapia.
Condition factors (CF) obtained in this study were lower than those reported by 
Caulton (1982) and Lee and Bai (1992). Two factors might have affected CF in the 
present study: (1) stress response could have affected CF due to the small space available 
to each fish in the culture tank, and/or handling of the animals could have had an effect, 
and (2) fish fed a diet supplemented with methionine showed a rapid decline in lipid 
content (predominantly TAGs), with decreasing CF indicating a preferential mobilization 
of TAGs to provide energy for normal metabolic functions (Coulton 1982).
Feed conversion ratios obtained in this study were higher than those reported by 
Shiau et al., (1987), Lee and Bai (1997), and Jackson and Capper (1982). In those 
experiments, the diets were not methionine deficient and the protein-bound methionine 
provided was adequate to meet nutritional requirements. In contrast, the basal diet in this 
experiment was formulated to provide approximately 50% o f the dietary methionine 
requirement, with the remainder provided by a crystalline methionine supplement.
Carp and channel catfish fed diets with 30% crude protein supplemented with coated 
and uncoated methionine have shown a different growth response than tilapia. Catfish 
fingerlings fed diets supplemented with coated methionine have shown better growth rate 
and FCR than fish fed uncoated methionine (Murai et al. 1982). Carp fingerlings fed 
diets supplemented with uncoated and coated methionine also showed significantly
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greater weight gain than carp fed an unsupplemented diet in the same experiment (Murai 
et al. 1982). The PER o f  tilapia in the present study was not affected by methionine 
supplementation. PERs obtained in this study were lower than those obtained by Shiau 
(1987), Lee and Bain (1997), and Twibell and Brown (1998), who used soybean meal 
and fishmeal as the main diet ingredients.
Muscle crude protein levels were affected by the diets used in this experiment. The 
crude protein content o f fish in the present study was higher than that reported by Jackson 
and Capper (1982), and Hussain et al. (1995). Jauncey (1982) reported higher 
concentrations o f crude protein in the carcass o f  Mozambique tilapia O. mossambicus fed 
diets containing at least 24% crude protein. The relatively higher protein content of fish 
muscle observed in this and other studies could be the result o f measuring total N in 
muscle to estimate crude protein content (Twibell and Brown 1998). The total N 
detected by Kjheldahl is the sum of urea, amines, amides and other N compounds in 
addition to protein. The addition of these non-protein N components could have resulted 
in the high crude values reported in this and other studies.
Shiau et al. (1987) supplemented tilapia diets with increasing levels o f methionine 
and found the best growth rate at the lowest concentration of supplemented methionine.
It is possible that the tilapia methionine requirement is not a fixed percentage of dietary 
protein and that the methionine requirement is related to the quality, quantity, and 
bioavailability of dietary nutrients, the amount o f antinutritional compounds present, 
interaction among ingredients, and the source o f  the protein used to formulate the diet 
(Shiau et al. 1987; Cai and Burtle 1996; Li and Robinson 1998). Chemical interactions 
also can cause a loss o f bioactivity of certain amino acids. For example, methionine,
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tryptophan, cysteine, histidine and tyrosine-side chains contain functional groups that are 
susceptible to oxidation, which leads to a loss of bioactivity (Johnson and Tracy 1999).
Chiji et al. (1990) reported that there is a nutritional difference between dietary 
protein and amino acid mixtures, because of differences in the ability o f dietary protein 
and crystalline amino acids to stimulate exocrine pancreatic protease secretion, 
specifically carboxypeptidase A. These differences lead to inequalities in the nutritional 
value of amino acids derived from intact protein, and those from equivalent mixtures of 
purified amino acids.
When catfish are fed a diet with reduced fishmeal and increased plant protein, the 
methionine requirement is higher than that reported for catfish fed semi-purified diets 
(Cai and Burtle 1996). Catfish fed a soybean-meal-based diet did not respond favorably 
to dietary amino supplementation. In carp, growth was depressed when the content of 
soybean meal in the diet was increased, despite the addition of amino acids to satisfy 
deficiencies (Andrew and Page 1974; Dabrowski and Kozar 1979).
Li and Robinson (1998) suggested that high crude protein in tissues may be related 
to enhanced protein synthesis as a result of amino acid supplementation, in this case, of 
lysine. In other studies, Mozambique tilapia and rainbow trout fed increasing levels of 
free methionine showed a reduction in growth (Kaushik and Luquet 1980; Jackson and 
Capper 1982). A decrease in growth rate was also observed in rats, chicks, and pigs fed 
excess methionine (Benevenga and Steele 1984; Baker 1987; Han and Baker 1993).
High concentrations of supplemented methionine can produce an inhibitory effect on the 
uptake of other neutral amino acids (i.e., leucine and isoleucine), due to the high affinity 
of methionine’s lipophilic side-chain for compounds involved in the neutral-amino-acid
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transport mechanism, resulting in a metabolic amino acid imbalance (Mathews 1972). In 
rats fed an excess o f dietary methionine, an accumulation of methanethiol (a methionine 
deamination product) induced body weight loss. The effect can be reversed by addition 
o f glycine, which facilitates the methionine demethylation pathway (Benevenga and 
Steele, 1984; Giroux et al., 1999). Excess methionine demethylation can cause an 
increase in S-adenosylmethionine, which will lead to increased concentrations of 
homocysteine. The increase in homocysteine inhibits the hydrolysis o f S- 
adenosylmethionine which leads to decreased intracellular methionine synthesis and 
altered folate metabolism (Stipanuk, 1986).
It has been suggested that chronic methionine supplementation could cause hepatitis 
in rabbits, from increased lipid peroxidation and free radical formation (Toborek et. al., 
1996). Excess supplementation of lysine and methionine cause hypercholesterolemia and 
weight loss in rabbits, and it is known that lysine in excess also serves as a potent 
inhibitor of liver arginase (Benevenga and Steele, 1984). Inhibition of arginase, an 
enzyme responsible for the conversion o f arginine into ornithine and urea in the urea 
cycle in mammals, leads to accumulation o f ammonia in blood, among other symptoms 
(Giroux et al., 1999). Evidence suggests that this pathway produces non-protein N 
(ammonia, amines, amides, and others N metabolites) that can give elevated estimates of 
crude protein in Kjeldahl analysis (Shiau et al. 1987).
In this experiment, supplementation o f a methionine-deficient diet with crystalline 
L-methionine also increased crude protein content o f  tissues and decreased lipid content. 
Crude lipid in the tissues o f  Nile tilapia in this study was much lower than that reported 
by Jackson and Capper (1982), Twibell and Brown (1998), and Lee and Bai (1997).
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Carcass moisture and lipid levels were inversely related in the present study. Winfree 
and Stickney (1981) and Jauncey (1982) reported the same results for blue tilapia (O. 
aurea) and Mozambique tilapia (O. mossambicus), respectively. Cai and Burtle (1996) 
found the lowest liver lipid levels among channel catfish fed the optimum concentration 
of crystalline methionine. Above and below the optimum dietary methionine 
concentration, liver lipid content was significantly higher. Several studies have 
demonstrated that supplementation of lysine-deficient diets with crystalline lysine also 
increased protein and reduced fat in edible tissue o f channel catfish (Robinson 1991; 
Munsiri and Lovell 1993; Zarate and Lovell 1997).
In this study, liver TAG content was lower in fish fed the methionine-deficient (MD) 
diet than in those fed the other experimental diets. The low TAG concentration in MD- 
fed fish suggested an impairment o f lipid metabolism that could produce fatty liver. 
Crystalline methionine supplementation could be directly related to a shift in the 
TAG/phospholipid ratio. Both excesses and deficiencies o f methionine can produce fatty 
liver. Chiji et al. (1990) found that liver fat in rats began to accumulate and plasma 
threonine content decreased, when supplemented methionine reached levels o f 0.08-2.0% 
o f a low-protein, casein diet. A similar result was found in Atlantic cod fed diets 
deficient in methionine; plasma threonine was consistently low in white muscle and 
stomach tissue (Lyndon et al. 1993). Addition of methionine to the diet also caused fatty 
liver in rats fed a protein-free diet, a casein-protein diet, and a soybean diet (Noda and 
Okita 1980). Dietary methionine supplementation can cause threonine deficiency and 
fatty liver in growing rats, which can be prevented by threonine supplementation o f the 
diet (Leclerc 1991). Fatty liver can also be produced by reduced formation o f choline,
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resulting from a methionine-deficient diet which induces choline deficiency, and 
subsequent accumulation o f TAG in the liver (Aoyama et al. 1992). This occurs because 
methionine serves as a methyl donor for phospholipid synthesis and is a precursor for 
hepatic synthesis o f apolipoproteins that are essential for synthesis o f very low density 
lipoproteins (Bertics and Grummer 1999). A relative increase in TAG synthesis and 
subequent increase in the TAG/phospholipid ratio can cause accumulation o f TAGs in the 
liver (Noda and Okita 1980). Increase in TAGs may indicate that there is a decrease in 
phospholipid synthesis caused by excess methionine, and it is possible that increasing the 
dietary level of choline will prevent lipid accumulation in the liver. Giroux et al. (1999) 
found that rabbits fed a diet enriched in lysine + methionine experienced a concomitant 
increase in hepatic synthesis o f phospholipids.
It was expected that fish fed the methionine-deficient diet would have a lower sulfur 
(S) concentration in tissues than fish fed methionine-replete diets, but the lack of 
differences among fish fed the coated diets, (CAP, TM, and KCM) was unexpected.
Based on this result, it appears that S from methionine (S-met) in all three diets was 
utilized about equally by the fish. It is possible that the rapid absorption o f crystalline 
methionine, before other amino acids are released from protein, led to inefficient 
utilization of the crystalline methionine. As a result, the unused methionine would be 
deaminated, transulphurated, and excreted as SO4 via the kidneys or excreted in the feces 
(personal communication from J.S. Godber, Department of Food Science, Louisiana State 
University).
None of the other three minerals measured in tissues (i.e., Zn, Cu, and Fe) showed 
differences related to methionine supplementation. However, it is known that availability
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of trace minerals (Zn, Cu and Fe) can be affected b y  a wide number o f dietary factors, 
including the level of dietary protein (Snedeker an<L Greger 1983). In adult human males, 
Zn and Cu retention is directly related to the protean content o f the diet (Sandstead et al. 
1979; Snedeker and Greger 1983). Also, it has been demonstrated that dietary Zn and Fe 
in soy products are less available than in animal products. Differences in the methionine 
and cysteine levels of soy and animal proteins are only partially responsible for the 
differences in bioavailabity of Zn. Addition o f  sulifur amino acids (SAA) (cysteine), to 
chick and rat diets improved absorption and retention o f Fe and Zn, and high levels of 
dietary methionine have been found to reduce tissue Cu levels and reduce signs of Cu 
toxicity when excess levels o f Cu were fed (Jensent and Maurice 1979; Greger and 
Mulvaney 1985). In general, sulfur-containing amdno acids might affect intestinal 
absorption of Cu and Zn, or their deposition in tissues, by reacting with these trace 
elements to form chelates (Yang et al. 1995). The iratio of dietary methionine to cysteine 
in the diets and supplemented SAA could also affect the absorption of Cu and Zn. 
Reducing agents such as thiol compounds (cysteine and D-penicillamine) or enolic 
compounds, like ascorbate, also inhibit Cu utilization either by binding to Cu or by 
enhancing Zn absorption (Aoyagi and Baker 1994).. It is possible that high cholesterol is 
also related to Cu deficiency. In mammals, copper <ieficiency increases the amount of 
plasma cholesterol, by increasing liver synthesis oFcholesterol, this occurs by altering the 
ratio of LDL:HDL (Eisemann et al. 1979).
Nile tilapia in this experiment showed no production-related response to crystalline 
methionine supplementation. In experiments with carp and catfish, a positive response to 
amino acid supplementation was observed up to a certain concentration of amino acid.
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Nile tilapia and hybrid tilapia have consistently shown no response to supplementation of 
crystalline methionine and/or lysine (Murai et al. 1982; Viola et al. 1994). Although 
there was no difference in weight gain among fish fed the experimental diets in this 
study, differences were detected in the kinetic behavior o f supplemented methionine and 
other free amino acids (FAA) in Nile tilapia blood plasma. In fish fed the methionine- 
deficient diet, methionine and other FAA in plasma peaked 3 h after feeding, with the 
exception o f glycine and histidine which peaked at 6 h after feeding. In rainbow trout, 
postprandial maximal concentrations o f FAA were found to occur between 6 h and 24-36 
h after feeding, depending on experimental conditions, such as water temperature, fish 
size, and in some experiments, the duration of fasting prior to feeding and the type o f diet 
fed (Schlisio and Nicolai 1978; Yamada et al. 1981). Lyndon et al. (1993) reported that 
Atlantic cod experienced a marked and significant drop in FAA concentrations 6 h after 
feeding, followed by a rise at 12 h and then a return to pre-fed values 18 h after feeding.
In common carp fed pellets, a rise in FAA was observed 7-14 h after feeding (Schlisio 
and Nicolai 1978). Common carp fed a casein diet showed a maximal level of FAA at 4 h 
after feeding, with the exception of arginine, which exhibited a slight decline 2-4 h after 
feeding. In the same experiment, the return to basal or pre-feeding FAA levels in plasma 
occurred 8 h after feeding in some fish, and 8-16 h after feeding in others (Plakas et al. 
1980). In rainbow trout, a peak in FAA occurred 12 h after feeding (Carter et al. 1995). 
Murai et al. (1987) reported that FAA concentrations in the hepatic portal vein of 
rainbow trout rose steeply within 3 h after force-feeding either a casein or mixed amino 
acid diet. FAA levels peaked 12 h after feeding, at the latest, and returned to fasting
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levels by 24 h after feeding. In contrast, in mammals, maximum FAA concentrations in 
blood plasma occur 2-4 h or, at the latest, 6 h after feeding (Clark et al. 1973).
Intestinal absorption of dietary amino acids by coldwater fishes, such as trout, is 
much slower than in mammals or warmwater fishes (Plakas et al. 1980; Murai et al.
1987). When crystalline methionine was supplemented in the diet o f Nile tilapia, the 
kinetic behavior was similar to that reported for sea bass Dicentratchus labrax. Free 
methionine levels in sea-bass plasma fed a methionine-deficient diet peaked about the 
same time as most other essential amino acids, but when crystalline methionine was 
supplemented in the diet, methionine concentrations peaked sooner than those of other 
essential amino acids (Thebault 1985). Microbound and microencapsulated methionine 
(KCM and TM diets, respectively) showed a different FAA kinetic behavior than 
microcoated methionine (CAP diet). With the KCM diet, there was a depression in 
methionine concentration at the time when a peak would have been expected, apparently 
due to slower methionine absorption in the digestive tract. This FAA dynamic behavior 
suggests that it might have been difficult for tilapia to hydrolyze the kappa-carrageenan 
coating in the KCM diet, or that the kappa-carrageenan in some way inhibited the 
catabolism o f dietary protein and the absorption o f dietary amino acids. However, in fish 
fed either microbound (KCM) or microencapsulated methionine (TM), an increase in 
FAA in plasma occurred 12 h after feeding. EAA in blood plasma of fish fed 
microencapsulated methionine (TM) showed a similar response to that reported by Murai 
et al. (1987); an increase in FAA at 6 h, followed by another at 12 h after feeding. In 
contrast, microcoated methionine (CAP) appeared to be more easily broken down,
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
70
allowing absorption of crystalline methionine at the same time as amino acids released 
from intact protein.
Levels o f FAA in plasma were affected in part by postprandial sampling time, 
because FAA reached peak levels at different times after feeding, then returned to pre­
feeding levels. The time when maximum postprandial FAA levels occur varies among 
species, as well as with ingredient composition o f the diet, nutritional and environmental 
factors, and experimental conditions (Thebault 1985).
Due to differences in the absorption rates of protein-bound dietary amino acids 
versus crystalline amino acids, crystalline amino acids tend to be rapidly deaminated and 
converted to keto-acids in the liver. FAA pools in plasma o f fish fed the experimental 
diets in this study were not affected by methionine supplementation, suggesting that 
crystalline methionine was used by tilapia in this experiment, probably as a result of 
faster absorption of crystalline methionine relative to protein-bound methionine. Since 
protein synthesis can proceed only if  all amino acids are present in correct proportions, 
the rate of protein synthesis is limited by the least abundant EAA present in the precursor 
pool (Lyndon et al. 1993). At all times, free methionine was present at the lowest 
concentration, relative to its requirement, in the EAA pool, which strongly suggests that it 
was the rate limiting amino acid in this experiment. Glycine was always present in the 
highest concentration, through time, in all five treatment groups. Aspartic acid hardly 
responded to feeding and was present in the lowest concentration of all plasma amino 
acids measured. Similar results have been reported for common carp and rainbow trout 
(Nose 1972; Plakas 1980). Mommsen et al. (1980) hypothesized that the apparent 
enrichment o f glycine and alanine (and depletion of other amino acids) in muscle of
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sockeye salmon was due in part to the partial metabolism o f alanine in situ, and was 
related to its function as an amino acid carrier in tissues. A different kinetic behavior in 
rainbow trout was reported by Nose (1972) who reported that EAA released from dietary 
fishmeal rose in blood 12 h after feeding. In contrast, rainbow trout absorbed FAA from 
either intact protein or a mixture o f amino acids at a  similar speed and in a pattern 
reflecting dietary amino acid profile (Murai et al. 1987), which is a different phenomenon 
from that o f carp (Plakas et al. 1980), or, in this study, Nile tilapia. Tilapia used in this 
experiment were force-fed, which might have produced a result similar to that in rainbow 
trout force-fed a casein diet; namely an initial drop in plasma FAA concentrations due to 
the fact that force-feeding retards gastric emptying. It appears that whenever passage of 
food from the stomach is slow, absorption from the intestine is insufficient to meet the 
initial demands o f the body for FAA (Yamada et al. 1982; Lyndon et al. 1993). In trout, 
higher FAA levels in the blood due to absorption may be related to a higher rate of 
protein synthesis than observed in carp or tilapia (Schlisio and Nicolai 1978). Also, it is 
possible that blood samples taken from the caudal vein (peripheral circulation) might not 
accurately reflect the flux of amino acids in the arterial circulation between intestine and 
liver (Forsythe et al. 1980; Murai et al. 1987).
Experiment 2
Stomach wall tissue showed high 35S activity. Differences at 3 h and 12 h can 
interpreted in two different ways. It is possible that EAA exert a controlling influence on 
protein synthesis and the isotope activity present in the stomach wall could have come 
from the FAA pool in the stomach tissue, or from protein-bound 35S (Millward and 
Rivers 1988; Lyndon et al. 1993). 35S activity in the stomach wall remained statistically
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similar among treatment groups in the first 1 h post-feeding, after which activity in TM- 
fed fish was consistently lower than that in fish fed CM or CAP. This trend was reflected 
later in 35S activity in the foregut, midgut, and hindgut.
35S activity in the foregut tissue (hepatic loop) o f fish fed MD increased steadily and 
peaked 1 h after feeding, then declined steadily thereafter. Fish fed TM and CAP diets 
showed a steady increase in 35S activity that peaked at 6 h and 12 h after feeding. These 
different rates o f digestion and absorption of 35S-labeled methionine indicate that 
methionine was absorbed faster and peaked faster in fish fed uncoated methionine than in 
fish fed coated methionine. This suggests that the coatings used in this study delayed the 
absorption of 35S-methionine in the diet. In TM-fed fish there was partial digestion and 
absorption of the 35S, while in CAP-fed fish the digestion and absorption o f coated 35S- 
methionine was similar to that from intact dietary protein. It is also possible that the 
increase in 35S activity in foregut (hepatic loop) tissues could have originated from 
pancreatic secretions, since 35S activity increased with time, allowing 35S to be 
incorporated into pancreatic secretions (Dabrowski and Dabrowska 1981). In carp, 
amino acids released by tryptic digestion were selectively absorbed in the first intestinal 
segment of the intestine. Lysine and methionine underwent maximum absorption (20- 
33%) in the second segment of the carp intestine after negligible absorption in the first 
segment (Scerbina and Sorvacev 1969).
Midgut (gastric loop) tissues also showed an increase in 35S activity with time. As 
35S was absorbed, it tended to accumulate in the basolateral cells of this section of the 
intestine. It can be expected that an increase in protein synthesis among basolateral cells 
will occur with time due to incorporation of 35S in blood circulation and later in muscle
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and other tissues. Fuller and Reeds (1998) suggested that this effect appeared to be a 
channeling of arterial amino acids to constitutive protein synthesis in the intestinal 
mucosa. For example, there is a twofold greater chance of a phenylalanine molecule that 
enters an enterocyte via the basolateral membrane being incorporated in protein, than one 
that enters an enterocyte from the intestinal lumen.
The hindgut (terminal portion o f the intestine) and its contents showed the same 
pattern in 35S activity. There are several sets of conditions that could lead to an increase 
in the 35S activity o f the terminal portion o f the intestine (hindgut). Gastrointestinal 
micro flora in the intestine could have met their nutritional requirements through 
degradation of 35S-labeled methionine or other nutritive components and endogenous 
substances (Fuller and Reeds 1998). Release of 35S-labeIed methionine by-products and 
metabolites by the gastrointestinal flora might have produced a cumulative effect that 
could have masked an absorption effect as they passed through the proximal intestine and 
into the terminal portion o f the intestine (hindgut). A simultaneous movement of 
substances, such as bile, mucins, sloughed cells, cell debris, or substances such as 
glutathione, in which 35S could have been incorporated, into the lumen also could have 
affected 35S activity readings (Aw and Williams 1992; Reeds et al. 1997). 35S may have 
been actively absorbed in the terminal portion of the Nile tilapia intestine (hindgut) as 
suggested by Tengjaroenkul et al. (2000). Competitive inhibition for methionine 
absorption sites, due to an excess of this amino acid relative to need, might also have had 
an effect, resulting in detection of undigested 35S-methionine in the terminal portion of 
the intestine. Finally, some combination o f  all o f  these factors might have affected 35S 
activity in the terminal portion (hindgut) o f  tilapia in this study.
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35S activity in the liver showed an increasing accumulation, with time, of 35S 
metabolites in each of the three treatments. Fractional apparent rates o f protein synthesis 
in liver also showed the same trend. These results suggested that methionine 
concentrations in tilapia peaked at 12 h after feeding, as researchers have reported for 
other species (Schlisio and Nicolai 1978; Plakas et al. 1980; Murai et al. 1987; Lyndon et 
al. 1993; Carter et al. 1995). It also is possible that the increase in apparent protein- 
synthesis rate in liver was induced by absorbed FAA and, in particular, o f EAA, which 
peaked 12 h after feeding (Lyndon 1993). Spleen tissue showed similar results in 35S 
activity with time. A slight decrease in 35S activity at 1 h was followed by a steady 
increase in activity up to 12 h after feeding in all treatments groups; 35S activity in CAP- 
fed fish increased with each time interval. In contrast, the apparent rate o f protein 
synthesis in spleen was inversely related to time after feeding. There was a steady 
decline in 35S activity in spleen tissue at all time intervals measured, regardless of diet.
As free 35S-methionine, and its metabolites are absorbed into the blood circulation, they 
tend to accumulate in liver and spleen. An accumulation o f free 35S-methionine was 
detected in spleen, but not protein-bound 35S methionine, which helps to explain why the 
apparent rate of protein synthesis decreased with time as 35S methionine activity 
increased with time. Apparent rate of protein synthesis decreased with time because 
spleen tissue showed an hematopoietic action; free 35S-methionine and its metabolites 
were retained in other tissues and incorporated into their FAA pools for protein synthesis.
In muscle, the highest concentration o f 35S metabolites was inversely related to the 
apparent rate of protein synthesis, for each of the three experimental diets at each of the 
five time intervals. 35S methionine activity in muscle followed the same pattern, with TM
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showing the lowest activity, and CM and CAP, higher activity. Despite the difference in 
activity, there was an increase in 35S met at 12 h for TM- and CAP-fed fish. Carter et al. 
(1995) which reported an increase in the apparent rate o f protein synthesis induced by re­
feeding and absorption o f 35S-methionine. 35S activity o f CM-fed fish peaked at 6 h, as 
expected, because uncoated crystalline methionine was absorbed at a faster rate than 
coated crystalline methionine. Based on the apparent rate o f protein synthesis obtained 
from free and bound 35S-methionine obtained from fish fed the three experimental diets, 
CM-fed fish showed an increase in protein synthesis at 1 h and 12 h. TM-fed fish 
showed a sharp decrease in 35S activity from 30 min to 1 h after feeding, followed by an 
increase in protein synthesis at 12 h after feeding. CAP-fed fish did not show the same 
pattern; an increase was detected at 6 h with a slight decrease at 12 h after feeding. 35S- 
methionine was rapidly absorbed in the hepatic loop, which led to a sharp increase in 
activity just 1 h after feeding in the CM-fed group. TM-fed fish showed a similar trend, 
but the high 35S activity measured at 0.5 h should be accepted with caution due to the 
high standard deviation. In contrast, CAP-fed fish experienced an increase in 35S activity 
at 6 h post-feeding, which was similar to results observed in blood serum.
Changes in 35S activity can be influenced by several factors. High protein turnover 
due to stress response can be a factor, as well as the presence o f free 35S-methionine 
obtained from either the FAA pool or 35S-methionine bound in protein. The stress 
response due to handling, force feeding, and placement o f the tilapia in a small space 
(aquarium) could lead to an increase in the amount o f cortisol in the blood, and an 
increase in the catabolic rate o f protein. Carter et al. (1995) demonstrated that FAAs in 
rainbow trout plasma peaked at 12 h after feeding and suggested that a flux o f dietary
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amino acids from the digestive tract reached the liver and white muscle at that time. Rate 
o f  apparent protein synthesis depends on the species studied, type o f tissue, temperature, 
handling, and feeding frequency, among other factors (Walton and Cowey 1982). The 
rate o f protein synthesis in this experiment was higher in the liver than in spleen and 
muscle (liver > spleen > muscle). Because muscle accounts for 50-70% o f body weight, 
the major site o f protein synthesis could be the muscle (Walton and Cowey 1982).
Finally, 35S-methionine and its metabolites in the blood showed a completely 
different kinetic behavior than that observed in the digestive system, digestive contents, 
or organs. No difference in 35S methionine activity was detected in blood plasma at any 
o f the time intervals tested. The blood samples used in this experiment were obtained 
from the caudal vein (peripheral circulation) that carries venous blood. Venous blood
• jc  ^ c
may not be a good indicator o f S-methionine kinetic behavior because of losses o f S 
that could have occurred as arterial blood passed first through organs and tissues.
Regarding the kinetic behavior o f methionine in Nile tilapia, it also is necessary to 
consider the overall digestive process and the physiological influence that it exerts in the 
digestion, absorption, and utilization o f amino acids. Inherent differences in the digestive 
systems o f different species affect the efficiency of digestion of dietary protein and 
crystalline amino acids, and give a different metabolic response in carp, catfish, and 
tilapia. Scerbina and Sorvacev (1969) showed that in the first 13% of the carp alimentary 
tract, 57% of alanine and 45% of phenylalanine were absorbed. Only 3-5% o f EAA were 
absorbed in the posterior 36% o f the alimentary canal and part o f this intestinal segment 
has an active, pinocytosis system.
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The channel catfish intestine is not separated into a large and small intestine and, 
with the exception of the rectal intestine, maintains a similar pH (around 7) throughout. 
Although the intestine is relatively short, it has many internal folds, which provide a large 
surface area for digestion and absorption. This allows the catfish to efficiently digest and 
absorb dietary protein and crystalline amino acids. In contrast, the tilapia, which is 
considered an herbivore-detritivore based on its feeding ecology, has a more inefficient 
digestion and absorption process (Bowen 1982). In Nile tilapia, it has been demonstrated 
that secretion of gastric fluid (hydrochloric acid) stops at the end o f the feeding period 
and the stomach returns from a pH as low as 1.25 to a range between 5 and 7. At the start 
of the next feeding, acid secretion begins only as the stomach is filled, with the result that 
the first food to pass into the intestine is not exposed to strong acid digestion (Moriarty 
1973; Bowen 1982.) Digestion of protein is completed in the first quarter o f the intestine, 
which, according to Tengjaroenkul et al. (2000), represents the hepatic loop and the 
proximal coil. Amino acids are digested and absorbed gradually as the digesta passes 
through the intestine. Maximum digestion is not achieved until the material reaches the 
end of the digestive tract (gastric loop, distal major coil, and the terminal portion of the 
intestine) (Bowen 1982; Tengjaroenkul et al. 2000). Two amino peptidases (leucine 
aminopeptidase and dipeptidyl aminopeptidase IV) present in the intestine have been 
shown to exhibit stronger activity in the hepatic loop (foregut) and gastric loop (midgut) 
than in the terminal portion o f the intestine (midgut). Gamma-glutamyl transpeptidase 
was found to have similar activity throughout the digestive tract of the tilapia. The 
appearance of high levels of this enzyme suggests that absorption activity is elevated
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concomitantly with movement o f digesta along the intestinal tract (Harpaz and Unk 
1999).
The efficiency o f digestion o f  the coated methionine (KCM, TM, and CAP), defined 
as the ability to break down the coating material and absorb the crystalline methionine at 
the same time as the methionine released from dietary protein, was poor in this 
experiment. The rationale behind each coating process was to provide three completely 
different methods for delivering crystalline methionine to Nile tilapia. Three different 
coating methods - precipitation and/or gelation process, hot melt encapsulation, and 
solvent evaporation- were used to produce KCM, TM, and CAP diets, respectively 
(Mathiowithz et al. 1999). The nature o f the chemical used in the coating and/or 
encapsulation process had a definite effect on the digestion and absorption of 
supplemented crystalline methionine. Kappa-carrageenan was used because of its ability 
to form gels by reaction with potassium, creating a cross-linked network o f polymeric 
chains consisting primarily o f water (99.0 to 99.5% water and 0.5-1.0% carrageenan), 
which was subsequently removed by lyophilization. This type of coating is susceptible to 
trypsin digestion (Mathiowithz et al, 1999). Tripalmitin microencapsulated methionine 
proved to be a poor agent for delivering crystalline methionine. Besides the tripalmitin 
itself, microencapsulated methionine was also coated with polyvinyl alcohol which is 
commonly used in ophthalmological, parenteral, and oral delivery systems. The double­
layered coating was poorly digested by Nile tilapia digestive. Cellulose acetate phthalate, 
an enteric coating, which is soluble at pH above 6.0, released the coated methionine near 
the distal end of the intestine (Rhodes and Porter 1999). In terms o f methionine
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absorbed, CAP proved to be the most efficient method o f the three for delivering 
crystalline methionine in the intestine o f the Nile tilapia.
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